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SYSTEM AND METHOD FOR DETECTING QUIESCENT 
CURRENT IN AN INTEGRATED CIRCUIT 

RELATED APPLICATIONS 

This application claims the priority under 35 U.S.C. 
§119 of provisional application serial number 60/250,735 
entitled "Current Sensor System and Method for Measuring 
Integrated Circuit Current (IDDQ) , by Duncan M. Walker, 
et al . , filed December 1, 2001. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates in general to current 
detection, and more particularly to a system and method 
for detecting quiescent current in an integrated circuit. 
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BACKGROUND OF THE INVENTION 

Semiconductor manufacture and fabrication has grown 
increasingly more complex and important in the field of 
integrated circuitry. Semiconductors may have a 

quiescent current in some circumstances; a "quiescent 
current" generally refers to a leakage current produced 
by an integrated circuit normally, or by some defect or 
irregularity in the semiconductor component, device or 
element. Quiescent current testing and detection has 
similarly grown in importance in semiconductor 
manufacturing. Quiescent current testing is generally 
implemented to detect integrated circuit defects that may 
occur during the fabrication of various semiconductor 
components or elements. Quiescent current testing 

provides the ability to identify semiconductor processing 
physical defects such as: gate oxide shorts, floating 
gates, and bridging faults that include manufacturing 
errors, for example. 

Quiescent current measurement is generally performed 
by directly inserting a measurement tool between 
connections or couplings of an integrated circuit and 
measuring a voltage drop across the measurement tool. 
Inserting the measurement tool directly into a connection 
or a coupling within an integrated circuit however leads 
to performance degradation and longer measurement testing 
times. In addition, such tools or devices that directly 
measure quiescent current are often large and cumbersome 
and occupy valuable space on the associated integrated 
circuit . 
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SUMMARY OF THE INVENTION 

According to one embodiment of the present 
invention, a method for detecting quiescent current in an 
integrated circuit is provided that includes detecting a 
magnetic field generated by the quiescent current and in 
response generating a magnetic field signal that is 
indicative of the detected magnetic field. The magnetic 
field signal is then amplified and converted into a 
differential voltage signal. The differential voltage 
signal is then converted into a digital format. 

Some embodiments of the present invention provide a 
number of technical advantages. For example, according 
to one embodiment of the present invention, a quiescent 
current detection system is provided that avoids 
performance degradation of an associated integrated 
circuit by indirectly measuring the quiescent current. 
This is accomplished by measuring the magnetic field 
generated by the quiescent current, instead of the 
quiescent current directly. Thus, by measuring the 
magnetic field the current detection system of the 
present invention avoids the undesirable voltage drop 
across itself: such voltage drops are present in other 
current measurement tools. 

This indirect measurement of the quiescent current 
also eliminates the disadvantages associated with other 
systems in that it does not interfere with the speed of 
an associated integrated circuit. This too is a result 
of measuring the magnetic field instead of positioning a 
measurement tool directly in the pathway being provided 
to an integrated circuit. The quiescent current 

measurement tool of the present invention also provides 
the benefit of allowing quiescent current measurement 

DALO 1:643787.1 
017575.0551 



ATTORNEY ' S DOCKET NO . 
017575 . 0551 



4 



PATENT APPLICATION 



that propagates in either direction through a magnetic 
field sensor. This may be important for use in the 
partitioning of a mesh- type power supply network for 
example, both for testing and diagnosis. In a mesh-type 
5 network, a quiescent current may flow in one direction or 
the other depending on manufacturing specifications. 
Because of the configuration of the current detection 
system of the present invention, the capability of 
measurement over a given range of quiescent values in 

10 both directions is provided, both for testing or other 
suitable purposes . 

Another technical advantage of the present invention 
is its small size. Space within an integrated circuit is 
generally at a premium in the semiconductor manufacture 

15 industry. One embodiment of the present invention may be 
implemented such that 1% or less of the space of the 
integrated circuit is occupied by the quiescent current 
detection system. Additionally, the current detection 
system of the present invention is not only small but 

2 0 operates at extremely fast speeds producing an 
approximate test time of one millisecond per vector unit 
sampled or measured in one embodiment of the present 
invention . 

Embodiments of the present invention may enjoy some, 
25 all, or none of these advantages. Other technical 
advantages are readily apparent to one skilled in the art 
from the following figures, the description, and the 
claims . 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Reference is made to the following description taken 
in conjunction with the accompanying drawings in which: 

FIGURE 1 is a block diagram of a quiescent current 
5 detection system in accordance with one embodiment of the 
present invention; 

FIGURE 2 is a diagrammatic view of a magnetic field 
effect transistor (MAGFET) configuration within the 
quiescent current detection system of FIGURE 1 in 
10 accordance with one embodiment of the present invention; 

FIGURE 3 is a circuit illustrating an example 
implementation of a data detector included within the 
quiescent current detection system of FIGURE 1 in 
accordance with one embodiment of the present invention; 
15 FIGURE 4 is a block diagram of a counter and scan 

chain element included within the quiescent current 
detection system of FIGURE 1 in accordance with one 
embodiment of the present invention; 

FIGURE 5A is a block that illustrates a scan element 

2 0 block included within the quiescent current detection 

system of FIGURE 1 in accordance with one embodiment of 
the present invention; 

FIGURE 5B is a circuit illustrating an example 
implementation of a counter and scan element included 
25 within the quiescent current detection system of FIGURE 1 
in accordance with one embodiment of the present 
invention; 

FIGURE 6A is a diagrammatic view of a pair of cross- 
coupled P-type and N-type MAGFETs included within the 

3 0 quiescent current detection system of FIGURE 1 in 

accordance with one embodiment of the present invention; 

DAL01:643787.1 
017575.0551 



ATTORNEY ' S DOCKET NO . 
017575 . 0551 



6 



PATENT APPLICATION 



FIGURE 6B is a circuit that illustrates one 
embodiment of the corresponding cross-coupled 
configuration of FIGURE 6A; 

FIGURE 7 is a circuit illustrating one embodiment of 
5 internal components within a stochastic sensor included 
within the quiescent current detection system of FIGURE 
1 ; and 

FIGURE 8 is a flowchart illustrating a series of 
example steps associated with the quiescent current 
10 detection system of FIGURE 1 in accordance with one 
embodiment of the present invention. 
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE 
INVENTION 

Example embodiments of the invention are best 
understood by referring to FIGURES 1 through 8 of the 
5 drawings in which like numerals refer to like parts. 

FIGURE 1 is a block diagram of a quiescent current 
detection system 10 in accordance with one embodiment of 
the present invention. A "quiescent current" generally 
refers to a leakage current produced by an integrated 

10 circuit normally, or by an irregularity in the 
semiconductor component, device or element. Quiescent 
current detection system 10 includes a magnetic field 
effect transistor (MAGFET) sensor 12, a stochastic sensor 
14, and a counter and scan chain element 16. Quiescent 

15 current detection system 10 may be coupled to or 
otherwise positioned on an integrated circuit 11, an 
integrated chip, or any other suitable semiconductor 
component, device or object in order to detect or 
identify a quiescent or a leakage current. 

2 0 In accordance with the teachings of the present 

invention, quiescent current detection system 10 measures 
the quiescent current of integrated circuit 11 indirectly 
by measuring the magnetic field generated by the 
quiescent current (the direction of the quiescent current 

2 5 is indicated generally in FIGURE 1 with an arrow) . 

Quiescent current detection system 10 further operates to 
convert the measured magnetic field into a corresponding 
digital format and to scan the digital representation of 
the quiescent current out of counter and scan chain 

3 0 element 16. The digital representation yields a 

quiescent current value for the associated integrated 
circuit . 
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The operation of MAGFET sensor 12 is based on the 
Lorentz force exerted on moving carriers by the magnetic 
field generated by quiescent current flowing within an 
integrated circuit. MAGFET sensor 12 further uses an 
arrangement of cross-coupled, split-drain MAGFETs to 
convert this Lorentz force into a voltage differential. 
The voltage differential generated by the split -drain 
MAGFETs is converted to a digital bit stream using 
stochastic sensor 14 . The digital bit stream then 
accumulates in counter and scan chain element 16. The 
resultant or accumulated digital bit stream may then be 
scanned out of counter and scan chain element 16 in order 
to provide a digital reading of the quiescent current 
value for the integrated circuit or component being 
tested . 

Because quiescent current detection system 10 
measures the quiescent current indirectly, it effectively 
avoids performance degradation for an associated 
integrated circuit. The performance of an associated 
integrated circuit is maintained by measuring the 
magnetic field generated by the quiescent current, 
instead of measuring the quiescent current directly 
through a coupling or connection in the integrated 
circuit. Thus, by measuring the magnetic field with 
quiescent current detection system 10, the present 
invention avoids an undesirable voltage drop across 
itself; this voltage drop is present in other current 
measurement tools. 

The indirect and noninvasive measurement approach of 
quiescent current detection system 10 also may 
effectively avoid interference with the speed of an 
associated integrated circuit. This too is a result of 
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measuring the magnetic field instead of positioning a 
current measurement tool directly in a current pathway of 
an associated integrated circuit. Testing times for 
detecting quiescent current in an integrated circuit are 
significantly greater for measurement tools that directly 
measure quiescent current because of the resulting 
voltage drop across the current measuring tool. 

MAGFET sensor 12 implements a split -drain MAGFET 
configuration that indirectly measures quiescent current 
in accordance with the teachings of one embodiment of the 
present invention (this configuration is described in 
greater detail below with reference to FIGURE 2) . 
Alternatively, MAGFET sensor 12 may be any magnetic field 
detection element, component, or device that determines a 
magnetic field value based on current flow. MAGFET 
sensor 12 uses the Hall effect generated by the Lorentz 
force on moving carriers (e.g. electrons or holes) in a 
transistor channel. The moving carriers deflected by the 
Lorentz force generate a current difference between two 
drain terminals of a semiconductor element within MAGFET 
sensor 12, with a linear drain relationship existing 
between the current difference and the magnetic field 
produced by the quiescent current . In the presence of 
this Lorentz force, the carriers under a channel of a 
semiconductor element (such as a MOSFET for example) are 
forced to deviate from their normal direction, resulting 
in a current difference at the drains. The Lorentz force 
is perpendicular to both the magnetic field and the 
direction of the carriers. For purposes of teaching the 
split-drain configuration of MAGFET sensor 12, it is 
helpful to reference the illustration provided in FIGURE 
2 . 



DAL01:643787.1 
017575.0551 



ATTORNEY ' S DOCKET NO . 
017575 . 0551 



10 



PATENT APPLICATION 



FIGURE 2 is a diagrammatic view of a split-drain 
MAGFET element 2 8 that is the basis for the internal 
circuitry of MAGFET sensor 12 in accordance with one 
embodiment of the present invention. Split -drain MAGFET 
element 28 includes two drains 18 and 20, a gate 22, and 
a source 24. When MAGFET sensor 12 is in the presence of 
a quiescent current generated by an integrated circuit, 
it is exposed to a magnetic field perpendicular to the 
surface of split -drain MAGFET element 2 8 such that a 
current imbalance results between drains 18 and 2 0 that 
is proportional to the vertical component of the magnetic 
field. 

By implementing a split-drain MAGFET structure as 
illustrated in FIGURE 2, which has a narrowed source and 
drain contact area, the current flow through split-drain 
MAGFET element 2 8 is effectively crowded into the center 
of the channel. This crowding increases the fraction of 
the current that has a chance to flow out of drains 18 
and 2 0 and accordingly significantly improves sensitivity 
of split-drain MAGFET element 28. This crowding of the 
current flow may be further increased by placing drain 
contacts near a notch between drains 18 and 20. The 
current crowding increases the current density in the 
central area of the channel several times. The channel 
resistance, as a result, increases dramatically, and in 
turn, a high channel resistance for split-drain MAGFET 
element 2 8 achieves a higher output voltage gain while 
maintaining a low noise level. The embodiment 

illustrated of split-drain MAGFET element 28 in FIGURE 2 
may varied significantly without departing from the 
teachings of the present invention. Split-drain MAGFET 
element 2 8 may be configured in any other suitable way 
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where appropriate in order to provide further sensitivity 
to quiescent current detection system 10, while 
minimizing the noise level and optimizing the voltage 
gain of the device. 

In operation, the execution of MAGFET sensor 12 is 
based on the Lorentz force (as described above) on moving 
carriers caused by the magnetic field generated by 
electric current on an integrated circuit. In the 
presence of this Lorentz force, the carriers under the 
MOSFET channel are forced to deviate from their normal 
direction, resulting in a current difference at drains 18 
and 20. As illustrated by arrows in FIGURE 2, the 
Lorentz force will be perpendicular to both the magnetic 
field and the direction of the carriers. The gap between 
drains 18 and 20 behaves as a parasitic field transistor 
of high channel resistance between the two adjacent drain 
nodes. Current crowding caused by the Lorentz force 
creates a current difference between drains 18 and 20. 

Referring back to FIGURE 1, stochastic sensor 14 
includes a first flip-flop sensor 30, a second flip-flop 
sensor 32, a data detector 34, and a calibration tool 36. 
Stochastic sensor 14 is coupled to MAGFET sensor 12 
through a pair of communications links 40 and 42. 
Stochastic sensor 14 receives a differential voltage 
signal from MAGFET sensor 12 via links 40 and 42. Links 
40 and 42 communicate a voltage differential signal 
produced by a magnetic field generated by a quiescent 
current flowing through an integrated circuit. 
Stochastic sensor 14 operates generally to convert the 
differential voltage signal provided by links 4 0 and 42 
into a digital format, as described in greater detail 
below, that is scanned out of quiescent current detection 
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system 10 via counter and scan chain element 16. The 
digital bit stream that is scanned out of counter and 
scan chain element 16 provides a digital reading of the 
quiescent current value of the integrated circuit sought 
to be tested by quiescent current detection system 10. 

First flip-flop sensor 30 comprises a logic element 
that produces a binary input in response to an input 
signal. First flip flop element 30 receives the 

differential voltage signal from MAGFET sensor 12 via 
links 40 and 42. The inherent noise of MAGFET sensor 12 
is generally larger than the voltage differential signal 
delivered to first flip-flop sensor 30. MAGFET sensor 12 
generates a relatively small voltage signal for quiescent 
current values of interest for the integrated circuit. 
In order to convert this voltage differential signal 
reliably into a digital value, first flip-flop sensor 30 
is employed in conjunction with second flip-flop sensor 
32 . 

This configuration of stochastic sensor 14 presumes 
that the noise signal is generally larger than the 
voltage differential signal provided by MAGFET sensor 12. 
Thus, stochastic sensor 14 is used for comparing the 
differential voltage signal provided by MAGFET sensor 12 
against random Gaussian (normal) noise on each clock 
cycle in order to generate a random resulting stream of 
binary bits. The probability that each bit is either a 
"0" or "1" is a function of the input signal value. (The 
designation of "0" as low and "1" as high is arbitrary, 
these designations could be reversed where appropriate.) 
A "1" output signal corresponds to a voltage differential 
signal being greater than the noise signal, and is 
further associated with a positive quiescent current 
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value. The higher the quiescent current value, the 
greater the fraction of the output of stochastic sensor 
14 is "1." First and second flip-flop sensors 30 and 32 
are used to minimize the probability that each is in a 
metastable state, which in turn may permit faster clock 
rates. After first flip-flop sensor 30 flips toward 
either a "0" or a "1," that information is communicated 
to second flip-flop sensor 32, which receives this 
information via a set of communication links 44 and 46. 

Second flip flop sensor 32 also comprises a logic 
element that produces a binary digit in response to an 
input. Second flip flop sensor 32 flips the remainder of 
the way toward either a "0" or a "1" based on the input 
received from first flip flop sensor 30. Second flip- 
flop sensor 32 is coupled to data detector 34 via a pair 
of communication links 48 and 50. 

Data detector 34 is an interface element between 
second flip flop sensor 32 and counter and scan chain 
element 16 and further provides a set of feedback links 
74 and 76 for calibration tool 36 (discussed in greater 
detail below) . Data detector 34 receives the information 
from second flip-flop sensor 32 via communications links 
70 and 72, but may alternatively receive information via 
a single link where appropriate. Data detector 34 
interprets which way each of first flip-flop sensor 30 
and second flip-flop sensor 32 have shifted toward. Data 
detector 34 uses this information to generate a digital 
bit stream in causing a counter within counter and scan 
chain element 16 to count up or not count at all (or in 
cases where an up-down counter is implemented, to either 
count up or down) . FIGURE 3 is a circuit illustrating an 
example implementation of data detector 34 included 
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within quiescent current detection system 10 m 
accordance with one embodiment of the present invention. 
The circuit is offered only for purposes of example as 
data detector 34 may be implemented in any number of ways 
5 in order to provide an interface between second flip flop 
sensor 32 and counter and scan chain element 16. The 
circuit illustrated in FIGURE 3 includes multiple logic 
gates that cooperate in order to process a signal 
received from second flip flop sensor 32. A single 

10 output link 51 is also illustrated in FIGURE 3 (in 
contrast to the embodiment of FIGURE 1) , which provides a 
digital output to counter and scan chain element 16. 

In the context of using an up counter, this process 
of flipping toward a "0" or a "1" within first flip-flop 

15 sensor 30 and second flip flop sensor 32 is repeatedly 
executed at a high rate of speed in order to generate a 
digital bit stream provided by data detector 34 that has 
accumulated in the counter residing in counter and scan 
chain element 16. The counter value generated and stored 

20 in counter and scan chain element 16 is equal to the 
number of clock cycles times the probability of getting a 
"0" or a "1" out of either of first flip-flop sensor 30 
or second flip-flop sensor 32. This in turn corresponds 
to the digital value of the output of MAGFET sensor 12 on 

25 communication links 40 and 42, which in turn reflects the 
presence or lack thereof of a magnetic field generated by 
a potential leakage or quiescent current on an integrated 
circuit. Additional details related to stochastic sensor 
14, inclusive of calibration tool 36 are provided below 

3 0 with reference to FIGURE 7. 

Counter and scan chain element 16 is a 
communications interface capable of binary processing 
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that includes a clock for counting or shifting of the 
binary information received from data detector 34. 
Although counter and scan chain element is provided as a 
single component, a counter and a scan register may be 
5 provided independently in accordance with the teachings 
of the present invention. The counter, which resides in 
counter and scan chain element 16, produces a result that 
represents the relative magnitude of the quiescent 
current compared to a reference current. When the 

10 counter value is greater than half the number of cycles, 
this represents that the quiescent current is greater 
than the reference current (I REF as illustrated in FIGURE 
6B) . The scan chain provided in counter and scan chain 
element 16 may be used to send the counter value outside 

15 the integrated circuit or chip. During the scanning 
mode, the counter operates as a scan in register and is 
reset to "0." During normal operation of stochastic 
sensor 14, the counter within counter and scan chain 
element 16 operates as a counter, and in a successive 

2 0 scan out mode, outputs the counter results serially as a 

scan register. 

Binary information may be scanned out of counter and 
scan chain element 16 through a scan-out link 54. Scan- 
out link 54 provides a digital representation of the 
25 magnetic field detected by MAGFET sensor 12 (and produced 
by a quiescent current) and is provided in a serial 
format . Scan-out communications link 54 may operate to 
feed a pin on an integrated circuit chip or 
alternatively, provide a link from the chip to quiescent 

3 0 current detection system 10 or to a processing element 

55. Processing element 55 may be a processor operable to 
further manipulate information received from scan-out 
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communications link 54, or alternatively, processing 
element 55 may be any component, device or element 
operable to receive information from scan-out 
communications link 54 and process or otherwise 
5 communicate the information to a next destination. 

Additionally, counter and scan chain element 16 
includes a scan in communications link 56. As binary 
information is scanned out of counter and scan chain 
element 16, a series of zeros are provided to counter and 

10 scan chain element 16 via scan in communications link 56 
in order to reset counter and scan chain element 16. 
Counter and scan chain element 16 may also include a scan 
control input 58 that represents a series of counter and 
scan chain elements 16 that are coupled or daisy-chained 

15 together for purposes of detecting quiescent current in 
an integrated circuit. Alternatively, scan control line 
58 may provide a scan line from an outside or external 
source or provide a reference point from which to measure 
the presence of quiescent current. In the case where it 

2 0 is preferred not to have a single quiescent current 
detection system 10 coming from an integrated circuit 
chip, a series of MAGFET sensors 12 may be provided in 
order to create one long counter and scan chain element 
16. 

2 5 For purposes of teaching the present invention, 

FIGURE 4 is provided, which illustrates an example 
implementation of counter and scan chain element 16. 
Multiple unit cells 53 of an example counter and scan 
register are provided as coupled together in order to 

30 facilitate the detection of quiescent current within an 
integrated circuit. Additionally, FIGURE 5A is a block 
illustrating additional details of a single unit cell 53 
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in accordance with one embodiment of the present 
invention. The embodiment of FIGURE 5A illustrates an 
iteration for an example scan register and the 
scalability of multiple unit cells 53. FIGURE 5B is an 
5 example circuit that illustrates one implementation of 
counter and scan element 16 that is included within 
quiescent current detection system 10. Multiple units 53 
are provided in the embodiment illustrated in FIGURE 5B. 
The circuit operates to provide an interface capable of 
10 binary processing that includes a clock for counting or 
shifting of the binary information received from data 
detector 34 . 

Turning to FIGURE 6A, FIGURE 6A illustrates 
additional details associated with MAGFET sensor 12 of 

15 quiescent current detection system 10 in accordance with 
one embodiment of the present invention. The structure 
illustrated in FIGURE 6A is similar to the structure 
provided in FIGURE 2 with the exception of multiple 
MAGFETs being provided in a cross -coupled fashion. 

20 FIGURE 6B is a circuit that illustrates generally the 
block diagram of FIGURE 6A and is provided for example 
purposes only in teaching the present invention. FIGURE 
6B also illustrates a low-pass filter coupled to a 
selected one of the outputs of MAGFET sensor 12 . The 

25 low-pass filter is operable to reduce all background 
noise, including noise associated with the integrated 
circuit and noise generated by a MAGFET within quiescent 
current detection system 10. 

In accordance with one embodiment of the present 

30 invention, a pair of PMOS MAGFETs 60 and 62 and a pair of 
NMOS MAGFETs 64 and 66 are positioned adjacent to each 
other. As illustrated in FIGURE 6A, the MAGFETs are 
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organized in a cross-coupled fashion where PMOS 60 and 
NMOS 66 are provided as one device and where NMOS 64 and 
PMOS 62 are provided as another device. These MAGFET 
elements are oriented and their drains connected such 
5 that for a given magnetic field generated by a quiescent 
current on an integrated circuit, the drain of one type 
of MAGFET (such as PMOS 60) produces an increased current 
and is accordingly connected to the drain of another type 
of MAGFET (such as NMOS 66) having a decreased current. 
10 The current difference between these two outputs may then 
be added in order to generate a greater current 
differential . 

Within the cross-coupled configuration illustrated 
in FIGURE 3, each MAGFET 60, 62, 64, and 6 6 may be biased 

15 in order to be in saturation so that its sensitivity will 
be relatively constant over a predetermined output 
voltage range. Furthermore, this saturation is provided 
such that the load resistance is high and the voltage 
sensitivity is increased. Each of MAGFETs 60, 62, 64 and 

2 0 66 are provided a bias voltage by an inverter having its 
input tied to its output (as illustrated in FIGURE 6B) . 
The bias voltage generated by the inverter with input and 
output connected insures that both PMOS MAGFET 6 0 and 
PMOS MAGFET 62, as well as NMOS MAGFET 64 and NMOS MAGFET 

2 5 66 are operating in a saturation region. Thus, when both 

devices are in saturation, a small current deviation from 
either device gives rise to a large voltage difference 
due to the high output impedance . 

In order to optimize the operation of quiescent 

3 0 current detection system 10, MAGFET sensor 12 should have 

a high gain and a low noise value. One approach is to 
increase the gain (as described above) using the cross- 
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coupled configuration, which is biased and which produces 
a high output impedance. Another approach that may be 
used to increase the gain of MAGFET sensor 12 relates to 
increasing the strength of the magnetic field applied to 
5 each of MAGFETs 60, 62, 64 and 66. The magnetic field 
strength is inversely proportional to the distance away 
from a current source. To maximize the magnetic field 
strength at the associated MAGFET, the layer carrying the 
quiescent current may be positioned such that an upward 

10 or a downward force is exerted on the carriers. The 
conductor is positioned such that the perpendicular 
magnetic field is maximized; this may be achieved with 
the conductor's bottom edge just above gate 2 2 of the 
MAGFET (as illustrated in FIGURE 2) . In addition, the 

15 Lorentz force is proportional to the carrier velocity. 
This velocity is highest in a transistor channel near the 
drain, and thus MAGFETs 60, 62, 64 and 66 may be oriented 
so that their drains are adjacent to the quiescent 
current source. In this respect, the highest velocity 

2 0 carriers see the strongest magnetic field, maximizing the 
Lorentz force and thus, the current difference. 

The internal cross-coupling structure provided 
within MAGFET sensor 12 provides the benefit of allowing 
current measurement in either direction. This is due to 

2 5 the noninvasive measurement of the quiescent current of 

an associated integrated circuit. This may be important 
for use in partitioning a mesh-type power supply network 
for example, both for testing and diagnosis. In a mesh- 
type network, a quiescent current may flow in one 

3 0 direction or the other depending on manufacturing 

specifications. Thus, because of the configuration of 
quiescent current detection system 10, the capability of 
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measurement over a given range of quiescent values in 
both directions is provided, both for testing or other 
suitable purposes. 

The quiescent current range of interest for MAGFET 
5 sensor 12 generates a relatively small magnetic field. 
This magnetic field is potentially smaller than the 
Earth's magnetic field or smaller than magnetic fields 
generated by nearby electrical equipment . In order to 
cancel out these external magnetic fields, the cross- 

10 coupling configuration (as illustrated in FIGURE 3 and 
described above with reference thereto) is implemented. 
Because the magnetic field generated by the quiescent 
current is in the opposite direction of each pair of 
MAGFETs 60 and 66 and 62 and 64, their respective 

15 differential signals have approximately the same value. 
However, an external common-mode field results in 
opposite differential signals, thus the external field 
does not result in a net signal associated with MAGFET 
sensor 12 . 

20 In addition to the external noise considerations 

described above, intrinsic noise is also a factor in 
configuring MAGFETs 60, 62, 64, and 66 as illustrated in 
FIGURE 6A. Intrinsic noise may be generated by MOSFET 
circuitry included within quiescent current detection 

25 system 10. The two major noise components associated 
with such MOSFET technology are classified as flicker 
noise (l/f) and thermal noise. Flicker noise is dominant 
at low frequencies and thermal noise is dominant at high 
frequencies. Flicker noise amplitude falls rapidly with 

30 frequency and is negligible after several kilohertz. 
Thermal noise is normally distributed with constant noise 
amplitude across the frequency range. The operating 
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frequency of MAGFETs 60, 62, 64, and 66 may accordingly 
be in the kilohertz range as determined by quiescent 
current testing speed, but may alternatively be in any 
other suitable frequency range where appropriate. In 
5 order to defray some of the noise elements associated 
with the present invention, load capacitors (one for each 
differential output) may be positioned between MAGFET 
sensor 12 and stochastic sensor 14. In combination with 
the MAGFET output impedance (as described above) , this 
10 creates a low pass filter to attenuate noise above the 
operating range of the present invention. For purposes 
of teaching additional details of stochastic sensor 14, 
reference is made to FIGURE 7 in conjunction with FIGURE 
1 . 

15 FIGURE 7 illustrates additional details of the 

circuitry associated with stochastic sensor 14 . As 
discussed above, the output voltage differential signal 
generated by MAGFET sensor 12 is provided to stochastic 
sensor 14. Stochastic sensor 14 performs the comparison 

2 0 of both input signals (communicated by links 40 and 42) 
and sends the results as either a "1" or a "0." In the 
operation of stochastic sensor 14, the sensing time is 
important as it will determine the clock cycle time and 
thus the quiescent current test speed. If the sensing 

25 time is too long for a given clock cycle time, first flip 
flop sensor 3 0 will have a high probability of remaining 
in a metastable state. This is equivalent to a don't 
know or error signal output rather than a "0" or a "1." 
According to the teachings of the present invention, this 

30 sensing time is minimized by adopting a two-stage 
stochastic sensor 14 (i.e., the cooperative functionality 
of first sensor 3 0 and second sensor 32) with each stage 
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operating in an opposite clock phase of the other. This 
is illustrated by the circuitry of FIGURE 7, however this 
circuitry may be varied considerably in order to produce 
any suitable type of analog to digital conversion for 
5 quiescent current detection system 10. 

The first stage of stochastic sensor 14 is active 
during a clock high and disabled when clockb is high. 
The second stage will take the outputs of the first stage 
as inputs and be active during clockb high. During 

10 clockb high, the return of the first stage to the pre- 
powered state does not affect the second stage because 
the output of first flip-flop sensor 30 is connected to 
the gate input of the second stage. Using this two-stage 
approach, the available sensing time of stochastic sensor 

15 14 becomes twice that of a single-stage sensor. 
Accordingly, the present invention contemplates that any 
number of sensors such as first flip flop sensor 30 and 
second flip flop sensor 32 may be implemented in order to 
effect greater precision in the measurement of quiescent 

2 0 current via the detection of an associated magnetic 
field. 

The output of the second stage or second flip flop 
sensor 32 is provided to a counter within scan chain 
element 16, which counts the number of "1" values (in the 

2 5 case where an up counter is used) determined by the 

comparison between the voltage differential generated by 
MAGFET sensor 12 and noise. The counter, which resides 
in counter and scan chain element 16, produces a result 
that represents the relative magnitude of the quiescent 

3 0 current compared to a reference current. When the 

counter value is greater than half the number of cycles, 
this represents that the quiescent current is greater 
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than the reference current . The scan chain provided in 
counter and scan chain element 16 may be used to send the 
counter value outside the integrated circuit or chip. 
During the scanning mode, the counter operates as a scan 
5 in register and is reset to "0." During normal operation 
of stochastic sensor 14, the counter within counter and 
scan chain element 16 operates as a counter, and in a 
successive scan outmode, outputs the counter results 
serially as a scan register. 

10 In one embodiment, the calibration circuit comprises 

a charge pump attached to each of the two calibration 
pulldown transistors (the transistors with their gates 
connected to node A as illustrated in Figure 7) . Each 
charge pump includes a power-up circuit that initializes 

15 the charge pump output voltage to approximately half the 
power supply voltage. This is provided so that the 
calibration transistor will turn on and permit either 
first flip flop sensor 30 or second flip flop sensor 32 
to operate when the calibration begins. This 

20 initialization is done with power up signals (PWRUP and 
PWRUPB) that initiate a resistive element . 

In operation, once the output voltage has been 
initialized, the power up circuit turns off. To increase 
the voltage on the output, a pump up clock pulses low to 

25 store a voltage on a pump capacitor. This voltage is 
reduced from the power supply voltage by passing it 
through several diode-connected MOSFETs . Then the first 
pump clock pulses to transfer the charge on the pump 
capacitor to the output capacitance (C rv ) . Crv is much 

3 0 larger than the pump capacitor so that the output voltage 
is adjusted by very small steps to achieve accurate 
calibration. A pump down path similar to the pump up 
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path is provided to decrease the output voltage. It is 
operated by a pair of pump down clocks. The C rv capacitor 
is formed by the gate capacitance of two MOSFETs . Both 
PMOS and NMOS MOSFETs may be used to form the capacitor 
5 in order to balance the leakage paths through the gate 
oxides, increasing the time that quiescent current 
detection system 10 will stay in calibration. Each pump 
has its clocks connected in the opposite fashion, so that 
when one side pumps up, the other side pumps down. 

10 Additionally, the clocks are connected so that if the 
output of the flip flop is "1," the calibration voltages 
are adjusted so as to reduce the probability that a "1" 
will occur. If the output is a "0," then the voltages 
may be adjusted so as to increase the probability of a 

15 "1." 

Because the signal to noise ratio of MAGFET sensor 
12 may be lower than 1, and too small to be practically 
amplified by analog methods, the present invention 
implements stochastic sensor 14 in combination with a 

2 0 counter within counter and scan element 16 to convert the 

MAGFET sensor differential analog signal to a digital 
value. Stochastic sensor 14 achieves high sensitivity 
and high performance noise characteristics through 
repetition as a result of repeatedly performing a 
25 comparison of a measured signal and a random signal. 
Because the noise has a normal probability density 
function, MAGFET sensor 12 produces a random bit stream 
with a normal probability density function. This 
represents an equivalent indicator of the analog input 

3 0 signal. 

Referring back to FIGURE 1, calibration tool 3 6 is 
provided within stochastic sensor 14 in order to provide 
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precise measurements of quiescent current by quiescent 
current detection system 10. Because quiescent current 
detection system 10 compares very small signals, any 
error produced will directly show up as an error in the 
5 quiescent current measurement . Generally, there are 

mismatches in the circuitry of stochastic sensor 14 and 
MAGFET sensor 12 caused by process variation and 
mismatches from layout design, for example. Recognizing 
these mismatches, stochastic sensor 14 offers the 

10 advantage of self -calibration . This self -calibration 
also offers the benefit of on-chip self calibration, 
which is presumptively superior to external calibration. 
On-chip calibration may be performed in parallel for all 
quiescent current sensing elements and avoids potential 

15 noise pickup associated with external signals during the 
calibration process. 

The self -calibration protocol of stochastic sensor 
14 is performed automatically using a charge pumping 
method executed by calibration tool 36. Input is 

20 repeatedly provided to calibration tool 36 through links 
74 and 76 after the calibration mode has been initiated 
by a calibration signal 80. At a first step in the 
calibration process, the quiescent current is shut off, 
i.e., the power flowing to the integrated circuit is 

25 turned off. In the case where quiescent current 

detection system 10 is built in to an integrated circuit, 
this may require a separate power supply partition for 
the elements to be calibrated. At a next step, a bias 
stage is implemented and controlled by a power-up signal, 

3 0 which detects the stability of the power supply provided 
for the integrated circuit or chip. During the power-up 
sequence, the path from the power supply through the bias 
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node to ground is effectively on and thus determines its 
final voltage (this circuitry is illustrated in FIGURE 
4) . After power-up, the calibration will be executed 
using a calibration enable signal, calibration may be 
5 terminated externally by a calibration disable signal. 
During the calibration phase, a suitable number of clock 
cycles with no signal in MAGFET sensor 12 is provided in 
order to adjust the calibration voltages on internal 
elements within stochastic sensor 14, such as first flip- 

10 flop sensor 30 or second flip-flop sensor 32, for 
example. This produces a balancing affect or equilibrium 
within first flip-flop sensor 30 and second flip-flop 
sensor 32 allowing them to fall or resolve equally either 
to a "0" or a "1" in response to an input received from 

15 MAGFET sensor 12 . 

After stochastic sensor 14 completes calibration, 
the scan in mode is entered and counter and scan chain 
element 16 is reset to "0." Once the reset is provided, 
quiescent current detection system is completed with the 

20 calibration phase are ready for normal operation. 
Although quiescent current detection system 10 is 
described with reference to calibration tool 36, 
quiescent current detection system 10 may be calibrated 
in any other suitable manner where appropriate in 

25 accordance with the teachings of the present invention. 

Despite the numerous elements within quiescent 
current detection system 10, including calibration tool 
36, MAGFET sensor 12, etc., some embodiments of the 
present invention may be relatively small in size. This 

3 0 is important because space within an integrated circuit 
is generally at a premium in the semiconductor processing 
industry. One embodiment of the present invention may be 
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implemented such that 1% or less of the space of the 
integrated circuit is occupied by quiescent current 
detection system 10. Alternatively, quiescent current 
detection system 10 may occupy additional space on an 
5 integrated circuit where appropriate or be suitably 
positioned external to the associated integrated circuit 
or chip according to particular needs. 

Turning to FIGURE 8, FIGURE 8 is a flow chart 
illustrating a series of steps associated with the 

10 operation of quiescent current detection system 10. The 
method begins at a first step 10 0 where power is provided 
to MAGFET sensor 12 . The power provided triggers a 
power-up signal that initiates the calibration circuit 
(as described above) . Additionally, a power-down signal 

15 may be provided such that when the calibration circuit is 
not operational, it is using only negligible or no power. 
At step 102, the calibration phase is begun. During the 
calibration phase, a suitable number of clock cycles with 
no signal in MAGFET sensor 12 is provided in order to 

2 0 adjust the calibration voltages on internal elements 
within stochastic sensor 14, such as first flip-flop 
sensor 30 or second flip-flop sensor 32, for example. 
This produces a balancing affect or equilibrium within 
first flip-flop sensor 30 and second flip-flop sensor 32 

25 allowing them to fall equally either to a "0" or a "1" in 
response to an input received from MAGFET sensor 12 . 

Once the calibration phase is completed, a series of 
zeros are shifted into counter and scan chain element 16 
such that the internal counter thereof may be reset. 

30 This is illustrated in FIGURE 8 as step 104. At step 
106, power may then be provided to the integrated circuit 
implementing quiescent current detection system 10. With 
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the power provided, a leakage current (the quiescent 
current sought to be measured) may begin to flow. It is 
important to note that there is no degradation or 
hindrance in circuit performance as power is provided to 
5 the integrated circuit being measured. This is because 
quiescent current detection system 10 is indirectly 
sensing current flow via the magnetic field generated by 
the quiescent current. 

At step 108, MAGFET sensor 12 senses magnetic fields 

10 generated by the quiescent current of the integrated 
circuit and amplifies the leakage current before 
converting it to a differential voltage. This 
differential voltage signal is fed to a stochastic sensor 
14 at step 110. First flip-flop sensor 30 receives this 

15 differential voltage via links 40 and 42. At step 112, a 
number of cycles are executed within stochastic sensor 14 
such that a series of binary digits is generated by first 
flip-flop sensor 30, second flip-flop sensor 32, and data 
detector 34. First flip-flop sensor 30 begins to flip 

2 0 part of the way toward a "0" or a "1" and then second 

flip-flop sensor 32 reads this signal via links 44 and 46 
and flips the rest of the way toward either a "0" or a 
ii ^ ii 

At step 114, data detector 34 receives the binary 
25 digits communicated by second flip-flop sensor 32 via 
links 48 and 50. From second flip-flop sensor 32, a 
determination has been made whether second flip-flop 
sensor 32 flipped to a "0" or a "1." This "0" or "1" is 
communicated to data detector 34 that in turn causes the 

3 0 counter within counter and scan chain element 16 to count 

up one or not count at all (or if an up-down counter is 
implemented, it will count up or count down accordingly) . 
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This is illustrated generally in FIGURE 8 at step 116. 
At step 118, this process is repeated such that a digital 
bit stream is generated that accumulates in the counter 
within counter and scan chain element 16. The counter 
5 value is approximately equivalent to the number of clock 
cycles times the probability of getting a "1" or a "0" 
out of second flip-flop sensor 32. This is the digital 
signal or format of the differential voltage output of 
MAGFET sensor 12. At step 120, the digital bit stream is 

10 scanned from the counter. Simultaneously, a series of 
zeros may be scanned into the counter via scan in 
communications link 56 such that the counter is reset. 
The information that is scanned out may be further 
processed or otherwise communicated to any component 

15 element or device operable to display, process or 
communicate the information. Scan out communications 
link 54 may feed a pin on the integrated circuit or chip 
in providing the digitized information at that location. 

Although several embodiments of the invention have 

20 been illustrated and described in detail, it will be 
understood that various substitutions and alterations can 
be made therein without departing from this present 
invention. For example, although the present invention 
is described in terms of CMOS technology, alternate 

2 5 implementations may be developed using any semiconductor 

technology such as Gallium Arsenide (GaAs) , for example. 
In addition, there are a host of possible layouts or 
configurations for MAGFET sensor 12 in order to reduce 
noise effects and increase gain. The present invention 

3 0 contemplates that any MAGFET sensor or other sensing 

element may be used such that noise effects are 
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eliminated or otherwise reduced or such that the gain or 
sensitivity of the sensor is increased. 

In addition, although the present invention 
describes MAGFET orientations as being cross-coupled or 
5 oriented with respect to drain considerations, any- 
suitable configuration or alignment may be implemented in 
accordance with the teachings of the present invention. 
FIGURE 3 only offers one embodiment of MAGFET sensor 12, 
numerous other configurations that sense magnetic fields 

10 may be implemented according to particular needs. 
Similarly, counter and scan chain element 16 may be 
configured any number of ways in order to provide an 
interface between stochastic sensor 14 and an element 
that receives the digital bit stream representative of 

15 the quiescent current of an integrated circuit or chip. 

Stochastic sensor 14 may similarly be configured or 
implemented in any number of suitable ways. Various 
internal components may be eliminated from stochastic 
sensor 14 or provided external thereto. Additional 

20 components such as additional flip-flop sensors or any 
other logic elements may be provided where appropriate in 
order to effect the generation of a binary result to be 
communicated to data detector 34. For smaller circuit 
size specifications, the second stage of stochastic 

25 sensor 14 may be eliminated entirely. Other suitable 
configurations that operate to effect a suitable analog 
to digital conversion may be implemented where 
appropriate and according to particular needs. 

In addition, stochastic sensor 14 may be eliminated 

3 0 entirely in accordance with the teachings of the present 
invention. In such an embodiment, a measurement is taken 
of the voltage drop along a power or ground line, feeding 
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this voltage difference directly into stochastic sensor 
14 without using MAGFET sensor 12 . This implementation 
is also noninvasive because the voltage drop is inherent 
to the supply lines due to their finite resistance. 
5 Additionally, there are several variations in self- 

calibration methods, components, and elements that may be 
used in order to effect precision measurement of 
quiescent currents in accordance with the teachings of 
the present invention. For example, rather than placing 

10 the calibration transistors in series, the transistors 
may be placed in parallel. In the case of a floating- 
gate MOSFET technology element, such as a flash process 
for example, calibration tool 3 6 may be implemented to 
program the gate voltage of calibration transistors of 

15 stochastic sensor 14 . 

Moreover, although quiescent current detection 
system 10 has been illustrated as provided within an 
integrated circuit or chip, quiescent current detection 
system 10 may be provided external to an integrated 

2 0 circuit or chip or in any suitable location where 
appropriate and according to particular needs. 

Numerous other changes, substitutions, variations, 
alternations, and modifications may be suggested to one 
skilled in the art, and it is intended that the present 

2 5 invention encompass all such changes, substitutions, 
variations, alternations, and modifications as falling 
within the spirit and scope of the appended claims. 
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